Abstract. Luteinizing hormone (LH)-stimulated steroidogenesis in luteal cells is known to be mediated through the activation of cyclic AMP (cAMP)-dependent protein kinase, and to be also modulated by calcium-dependent mechanisms. In the present study, we tested the hypothesis that LH stimulates progesterone (P4) production in bovine luteal cells through activation of phospholipase (PL) C by using a cell culture system. Bovine mid-luteal cells (Days 8-12 of the estrous cycle) were cultured for 24 h and then exposed to a PLC inhibitor (U-73122; 10 µM) with or without LH (10 ng/ml) for 4 h. U-73122 blocked LH-stimulated P4 production without affecting cAMP accumulation. Moreover, exposure of luteal cells to PLC increased P4 production in a dose-dependent manner. These results support the hypothesis that the luteotropic action of LH in bovine luteal cells is mediated not only by activation of adenylate cyclase but also by activation of PLC.
uteinizing hormone (LH) is one of the most potent regulators of synthesis and secretion of progesterone (P4) in the corpus luteum (CL) in most mammals [1, 2] . The mechanism of LH action induces stimulation of multiple signal transduction pathways in luteal cells [3] . Cyclic AMP (cAMP), which is induced by adenylate cyclase activation, is considered to be a primary second messenger of the LH action [4] [5] [6] . In bovine luteal cells, LH has been s h o w n t o s t i m u l a t e i n o s i t o l p h o s p h a t e accumulation and intracellular Ca 2+ , suggesting that LH activates not only adenylate cyclase but also inositol phospholipid-specific phospholipase-C (PLC) [7] [8] [9] [10] [11] . However, there has been no report demonstrating evidence for PLC activation in LHinduced P4 production. The present study was undertaken to investigate possible roles of the PLCsecond messenger system in LH-induced P4 production using a PLC inhibitor in cultured bovine luteal cells treated with LH.
Materials and Methods

Cell isolation
Enzymatic dissociation of the luteal tissue and culture of luteal cells were performed as described previously [12] . The luteal cells were suspended in a culture medium, DMEM and Ham's F-12 medium 
Cell culture and experiments
The dispersed luteal cells were seeded at 2.0 × 10 5 viable cells in 0.5 ml, in 48-well cluster dishes (Costar, Cambridge, MA, No. 3524) and cultured in a humidified atmosphere of 5% CO 2 in air at 37.5 C.
Experiment 1. Dose-dependent effect of PLC on P4 production by cultured bovine luteal cells
After 12 h of culture, the medium was replaced with fresh medium. The luteal cells were exposed to varying concentrations of PLC (Sigma, No. P9439; 0.002-2.0 U/ml) or bovine LH (USDA-bLH-B6; 10 ng/ml) for 4 h.
Experiment 2. Effect of a PLC inhibitor on basal and LH-induced P4 production and cAMP accumulation by cultured bovine luteal cells
After 12 h of culture, the medium was replaced with fresh medium. The luteal cells were exposed to bovine LH (10 ng/ml) and/or a PLC inhibitor U-73122 (Calbiochem, California, USA, No. 662035; 10 µM) for 4 h.
The conditioned media from the last 4 h of culture were collected and stored at -30 C until assayed for P4. For cAMP determination, the collected media were immediately acetylated and assayed.
P4 determination
Concentrations of P4 were determined directly from the cell culture media with an enzyme immunoassay as described previously [13] . The standard curve ranged from 0.391 to 100 ng/ml, and the effective dose of the assay for 50% inhibition (ED 50 ) was 4.5 ng/ml. The intra-and inter-assay coefficients of variation were 8.7% and 13.4%, respectively.
cAMP determination
Concentrations of cAMP in the culture media were determined with an enzyme immunoassay as described previously [14] . The standard curve ranged from 0.05 to 1.32 ng/ml, and the effective dose of the assay for 50% inhibition (ED50) was 0.15 ng/ml. The intra-and inter-assay coefficients of variation were 9.0% and 13.2%, respectively.
Statistical analysis
Experimental data are shown as the mean ± SEM. The data on the effects of PLC and U-73122 on P4 production are shown as a percentage of the control. The data of the effect of U-73122 on cAMP are shown as a percentage of the cAMP value in cultures treated only with LH. The statistical significance of difference in each experiment was assesse d by ANOVA followe d by Fishe r's protected least-significant difference procedure (PLSD) as a multiple comparison test. For the statistical analysis of differences in the production of P4, the relative percentages of the control were used. For the statistical analysis of differences in the production of cAMP, the relative percentages of the cAMP produced by the cells treated only with LH were used.
Results
Experiment 1. Dose-dependent effect of PLC on P4 production by cultured bovine luteal cells
As shown in Fig. 1 , addition of PLC resulted in a dose-dependent increase in P4 production during the final 4 h of culture (P<0.05; Fig. 1 ).
Experiment 2. Effect of a PLC inhibitor on basal and LH-induced P4 production and cAMP accumulation by cultured bovine luteal cells
A PLC inhibitor, U-73122 blocked LH-stimulated P4 production (P<0.01; Fig. 2 ) without changing cAMP accumulation (Fig. 3) . The inhibitory effect of U-73122 was specific to LH action, as U-73122 did not affect basal P4 production (Fig. 2) .
Discussion
LH is a critical regulatory hormone involved in luteal P4 production which is best recognized for its stimulation of the adenylate cyclase-cAMP pathway via activation of a Gs protein [3, 15] . The activation of adenylate cyclase results in the hydrolysis of ATP to cAMP, which subsequently activates protein kinase (PK) A in the cytoplasm. [1, 2, 16] . Davis et al. [7] [8] [9] [10] [11] reported that LH can rapidly raise the levels of inositol 1,4,5-triphosphate (IP 3 ) and intracellular Ca 2+ , as well as cAMP. These results imply that LH stimulates P4 production via the PLC pathway, in addition to the adenylate cyclase-cAMP pathway. In the present study, a specific inhibitor of PLC (U-73122) inhibited LH-stimulated P4 production (Fig.  2) without affecting cAMP accumulation (Fig. 3) in bovine luteal cells. This finding supports the idea that LH stimulates P4 production not only via activation of adenylate cyclase but also via activation of PLC.
The activation of this kinase represents the final step in the signaling pathway, resulting in the p h o s p h o r y l a t i o n o f p r o t e i n s i n v o l v e d i n steroidogenesis
It has been proposed that phosphorylation by PKA stimulates cholesterol transport and P4 production, whereas phosphorylation by PKC may inhibit this process [1, 2, 4, 5, [15] [16] [17] . However, a number of studies have suggested that P4 prod uction is directly stimulated by both intracellular pathways (PLC-PKC and cAMP-PKA) [6] [7] [8] [9] [10] [11] [17] [18] [19] . In fact, in the present study, PLC dose-dependently stimulated P4 production (Fig.  1) . Benhaim et al. [19] demonstrated in bovine small luteal cells that P4 production was stimulated by PLC in the presence of low doses of LH (3.0-300 pg/ml) while it was inhibited by PLC in the presence of high doses of LH (0.3-3.0 µg/ml). In the present study, U-73122 reduced LH-stimulated P4 production (Fig. 2) without affecting cAMP accumulation in the presence of LH (10 ng/ml; Fig.  3 ). These findings suggest that PLC activity stimulated by LH with a concentration of 10 ng/ml is not associated with the accumulation of cAMP. It has been recently shown that, in fasted luteal cells (pre-incubated for 24 h in a medium supplemented with 0.1% BSA), blockade of PLC by U-73122 had no influence on LH-stimulated P4 secretion [6] . The present results do not agree with this data, suggesting that P4 production in the luteal cells pre-incubated in CS-supplemented medium is mediated not only by the PKA pathway but also by the PLC pathway (Fig. 2) . However, the accumulation of cholesterol in the cells preincubated in CS-medium (present study) may be different from that in the "fasted cells" preincubated in a medium supplemented with 0.1% BSA [6] . Moreover, in the present study, we used luteal cells of mid-CL (Days 8-12 of the estrous cycle), whereas in the previous study [6] , we cultured luteal cells of developing CL (Days 5-7 of the estrous cycle). Thus, the LH-stimulated PLC pathway might be affected by a factor (s) in CS and/or the stage of CL. Further studies are needed to clarify these points.
In conclusion, the overall results of the present study suggest that LH stimulates P4 production in bovine mature CL not only via the adenylate cyclase-cAMP pathway but also via the PLCinositol phosphate pathway, and that the LHstimulated PLC pathway is independent of the adenylate cyclase-cAMP pathway.
